The frequency of genetic deletion between directly repeated DNA sequences in bacteriophage T7 was measured as a function of the length of the direct repeat. The non-essential ligase gene (gene 1.3) of bacteriophage T7 was Interrupted with pieces of synthetic DNA bracketed by direct repeats of various lengths. Deletion of these 76 bp long inserts was too low to be measured when the direct repeats were less than 6 bp long. However, the frequency of deletion of inserts with longer direct repeats increased exponentially as the length of the repeats increased from 8 to 20 bp. When Inverted repeats (palindromes) were designed in the midst of the insert there was essentially no increase In deletion frequency between 10 bp direct repeats. But, the same palindromic sequences increased the deletion frequency between 5 bp direct repeats by at least two orders of magnitude. Thus, in this system homology at the endpoints Is a more important determinant of deletion frequency than Is the presence of palindromes between the direct repeats.
INTRODUCTION
Direct repeats of DNA sequence play a major role in determining the probability of deletion events (1) (2) (3) (4) (5) (6) (7) . Although it is not clear why short regions of homology are important to deletion, several models have been proposed to explain rearrangements of this type (8) (9) (10) (11) (12) (13) . One possibility is that recombinogenic exchange could take place between the direct repeats (3) (4) (5) (6) (14) (15) (16) (17) (18) (19) . Or, slippage at the replication fork could realign a newly synthesized copy of one direct repeat with the downstream direct repeat (1,20-21). The amount of homology between the direct repeats is likely to be a significant factor in determining deletion frequency. With this in mind, we have systematically investigated both how variation in the length of direct repeats and the presence of palindromic sequences affected the likelihood of deletion at a specific site on the bacteriophage T7 genome.
Bacteriophage T7 offers numerous advantages as a system with which to measure genetic deletions. Foremost among these is the simplicity of the replication apparatus, which appears to consist of the phage gene 4 product (a helicase-primase), T7 DNA polymerase (associated with host thioredoxin), and T7 single strand binding protein (22, 23) . If deletion is closely coupled with the replication process the simplicity and relatively thorough characterization of the T7 DNA replication enzyme system may aid understanding deletion mechanisms. Also, the availability of good in vitro DNA replication, recombination, and packaging systems (24, 25) add to the potential of the T7 system as a means for studying deletion.
To quantitatively measure deletion frequency at a specific site we interrupted a non essential T7 gene with a piece of synthetic DNA that was bracketed by direct repeats (20, 26) . Deletion between the direct repeats reveals itself by restoration of function to the gene that formerly harbored the insert. We used this system to monitor deletion frequency as a function of the length of the direct repeat in the range between 5 and 20 base pairs and found that the likelihood of deletion is exponentially dependent upon the extent of homology.
In other systems it is well established that palindromic sequences which could lead to cruciform formation increase deletion frequency (2, 3, 5, 7, 8, 12, 15, 21, 27) . In T7 it was more difficult to predict the effect of palindromes since in T7's linear chromosome the presence of palindromic sequences does not necessarily imply that cruciforms will form. We constructed inserts that contained palindromic sequences and had either 5 or 10 bp direct repeats at the ends of the insert. Secondary structure resulting from the palindromes could act as a retardant to replication fork progression. Or, T7 endonuclease I could make double strand breaks at the cruciform's base (28, 29) . As shown below, the presence of palindromic sequences caused a major increase in the frequency of deletion between 5 bp direct repeats, but had essentially no effect on deletion between 10 bp direct repeats.
MATERIALS AND METHODS

Bacteria, Phage, and Growth Conditions
A unique Xhol restriction site was created in wild type bacteriophage T7 (from Dr. F.W.Studier) by using oligonucleotide mutagenesis at position 6663 in the ligase gene (1.3). The base alteration did not change the wild type amino acid sequence (30) . This phage mutant was designated 'T7X'. Wild type Escherichia coli K-12 strain W3110 and the ligase deficient strain N2668 (Ugtsl) were used in this study. The temperature sensitive mutation in the bacterial ligase gene renders strain N2668 incapable of supporting the productive infection of T7 phage with deficiencies in gene 1.3 which encodes the phage ligase (31, 32) . Wild type T7 grows normally on a Ugtsl host. Bacteria were routinely grown on L broth or T broth media (33) .
Construction of T7 Containing Inserts
The method for introduction of synthetic DNA sequences into gene 1.3 have been described (26) . Synthetic oligonucleotides with complementary sequences were annealed to one another to generate a duplex DNA molecule with a unique BamHI restriction site and Xhol sticky ends at each terminus. DNA from T7X was digested with Xhol and ligated to the synthetic insert. After in vitro packaging ligase deficient phage were identified by their inability to grow on a Ugtsl host. In all cases the phage identity was confirmed by DNA sequencing.
Restriction Analysis, Cloning, and DNA Sequencing Digestion with restriction enzymes (Bethesda Research Laboratories or New England Biolabs) was performed as per supplier's instructions. A 0.7 kb Alul fragment from positions 6191 and 6889 of T7 was cloned into the Hindi site of M13-mpl9 (34, 35) . DNA sequencing of single-stranded M13 templates was done using the dideoxy chain termination method (36) .
Assays for Direct Repeat Mediated Deletions in 17
The assay for measurement of deletion frequency (26) is based on infection of bacterial cultures with one (or at most two) T7 phage. This essentially eliminates the possibility that any phage that has already undergone a deletion event is introduced into the cultures. Moreover, the number of phage recovered after lysis of the small cultures is equal to the total number of replications of the phage genome. T7 phage that contain an insert are diluted so that approximately 1.5 viable phage are added to a 1 ml culture of wild type E. coli growing exponentially at 37°C. After lysis, the phage titer is determined on lawns of wild type E. coli and on lawns of the /j,gts7 host. The relative deletion frequency is calculated from the ratio of lig-/lig+ liters. This assay measures the fraction of phage that have either undergone a deletion event or have descended from phage that have undergone deletion. Deletions that occur early in the phage infection will influence this measurement of 'deletion frequency' disproportionally. Measurements of accumulation of ligase proficient phage derived from a single parent are typically higher than the true deletion frequency as measured by the far more laborious Luria-Delbruck fluctuations test (37) . However, it has been found that as long as cultures of wild type strain (W3110) are used for replication of the single phage, the median value of a large number of measurements of deletion frequency made in this way is a reproducible and reliable way for comparing deletion frequencies involving different inserts (26) . When this assay was used to measure how the distance between direct repeats affects the deletion frequency the data obtained showed essentially the same pattern found (20) when fluctuations tests (37) were used instead (data not shown). To examine the very low deletion frequency of inserts with 5 and 6 bp direct repeats phage were added at an moi of < 10~3 to a 30 ml exponentially growing culture of wild type E. coli. After complete lysis of the culture, the phage were concentrated and their titer measured on wild type and Ugtsl E. coli.
RESULTS
The Effect of the Length of Direct Repeats on the Frequency of Deletion
Synthetic 76 bp DNAs were designed to interrupt the T7 ligase gene and produce direct repeats at the ends of the insert (Figure 1) . Most of die inserts will generate 5 bp direct repeats if they enter the T7 genome in one orientation; the other orientation will yield a longer (10 to 20 bp) repeat. One insert produces a 6 bp direct repeat in one orientation and a 8 base pair direct repeat in the other orientation. The sequences of the right ends of the inserts with 8-20 bp direct repeats are essentially the same (since the repeat itself is part of the original T7 genome). The DNA sequences of the inserts with 5 and 6 bp direct repeats is different due to the method by which they were placed in the T7 genome. All inserts introduce several stop codons in the normal reading frame and at least one stop codon in the other two, and all introduce a unique BamHI site in the T7 genome. Table 1 shows that we found no example of wild type phage arising from excision of the insert with 5 bp direct repeats. Deletion of the X76/6 insert was barely detectable. In the range between 8 and 20 bp the deletion frequency increased exponentially with the length of the direct repeat (Figure 2 ). Figure 3 illustrates inserts with internal palindromic sequences which could form DNA secondary structure. The insert termed 'X76' was used as a control since it should not form hairpins. The X76EP (Extended Palindrome) insert can form a 25 bp stem and a 16 bp loop that would bring the 10 bp inserts into juxtaposition. If DNA replication proceeded across this junction it would create a 1.3 gene with an out of frame transcript. But, a deletion event between the direct repeats could generate a functional ligase gene. When placed in the genome in one orientation the X76EP insert was bracketed by 10 bp direct repeats, but in the opposite orientation it was flanked by 5 bp direct repeats. Another insert, 'X76I', could form a perfect 14 bp palindrome internal to the 10 bp direct repeats. Table 2 shows that the median deletion frequency for the X76 + and X76EP + differed by no more than a factor of two. But, the palindromes caused a striking effect in deletion frequency when bracketed by 5 bp direct repeats. The excision of the X76EP -insert was at least two orders of magnitude higher than deletion of X76~. DNA from ligase positive revertants of phage that had carried insert X76EP-was examined for the presence of the unique BamHI restriction site present on the insert. A revertant from each of ten separate lysates was tested and in every case found to lack this restriction site, thus indicating that the insert had in fact been deleted from the genome. DNA from two revertants was sequenced, and in both cases the restoration of the ligase gene resulted from deletion between the direct repeats.
The Effect of Potential Secondary Structure on Deletion Frequency
Pseudorevertants that Do Not Excise the Entire Insert
Phage that had contained the X76I insert show marked heterogeneity in plaque size when grown on the ligase deficient .8X10" 8 11 The relative number of phage that had undergone deletion of the indicated insert was measured in a series of small cultures each infected at very low multiplicity. Because of the low deletion frequency the phage with five base pair direct repeats at the ends of the inserts were measured using 30 ml cultures as described in Materials and Methods. The TaWe reports median values from several measurements. Figure 4 . Sequence of X76I Psuedorevertants. The figure shows that part of the sequence of one strand of Insert X76I that has potential for cruciform formation. The six base pair direct repeat that was fortuitously present within the insert is shown surrounded within a box. The sequence of two T7 'revertants', X76I-RS-1 and X76I-RS-2, that were able to grow on a ligase deficient host is also shown. The arrow shown under the sequence for X76I-RS-2 marks the position of a single base point mutation that accompanied the deletion event.
host. The larger size plaques typically outnumbered the smaller ones by a factor of 5 to 10. Several plaques of each type were picked, and their DNA was digested with BamHI. All of the DNA derived from the large plaques had lost the BamHI restriction site, whereas the DNA from small sized plaques was still sensitive to BamHI. The sequence of the DNA from the large plaque showed the expected deletion event between the direct repeats (data not shown). Part of the DNA sequence of samples from both small plaques is shown in Figure 4 . In both cases the revertants arose when a 13 bp deletion occurred between two 6 bp direct repeats within the X76I insert. The deletion, which occurs at one end of the 14 bp palindrome in the X76I insert, removed two stop codons in the insert and reestablished the correct reading frame. Evidently the T7 ligase protein can tolerate at least 21 additional amino acids in this portion of the protein.
A transition mutation (T to C) 5 bp past the deletion endpoint was noticed in one of two revbertants (X76I-RS2) that was sequenced. The sequence change in this revertant was confirmed using a different Ml3 clone.
DISCUSSION
The most direct interpretation of our data suggests a marked increase in deletion frequency as the length of the direct repeat increases from 6 to 8 bp. Because inserts with 6 and 8 bp repeats were selected by choosing phage in which a single piece of synthetic DNA had been inserted in each of two possible orientations, the sequence of the X76/6 and X76/8 inserts is not the same. If partial matches of homology contribute to excision of the insert (38) the X76/8 insert could be affected more than the X76/6 insert. Also, other authors have reported major differences in deletion frequency due to small sequence changes outside of the direct repeats (21) . It must be kept in mind that our study focuses on one site in the T7 genome and that proteins involved in deletion may react to subtle features of DNA sequence. Nonetheless, the difference in deletion frequency between 6 and 8 bp repeats could reflect fundamentally different mechanisms by which the direct repeats participate in deletion events. The inserts with 8 to 20 bp direct repeats have sequences that are basically the same except for the repeats themselves. In this range the deletion frequency is an exponential function of the length of direct repeat (Fig 2) . Thus, the degree of homology between the endpoints of a potential deletion event is a major factor in determining deletion frequency. Cruciform structures located between directly repeated sequences are likely to produce three effects that might alter the frequency of deletion between the direct repeats. First, the direct repeats would be brought physically closer together by cruciforms. But, our earlier work (26) showed that reduction of the distance between direct repeats had only a modest effect on deletion frequency when the insert was 76 bp or less. Secondly, since T7 endonuclease I attacks cruciform structures at their bases, double strand breaks might accumulate at palindromic sequences and these could promote recombinational exchanges nearby. Intermolecular recombination does not appear to be a major factor in deletion between 10 bp direct repeats in T7 (20) . But, that work was done in the absence of double strand breaks and recombination increases when breaks are introduced (W.Masker, to be published). A third effect of cruciforms is to slow replication fork progression. This might force the replication enzymes to remain longer in the vicinity of two nearby homologous sequences and thereby increase the probability of slipped mispairing. By default, we consider this the most likely reason that palindromes increase deletion between the short (5 bp) repeats in our system.
The most direct interpretation of our data is that homology is a much more important determinant of deletion frequency than is the presence of palindromes internal to the direct repeats. While palindromes might contribute a little to the probability of deletion the enhancement of deletion frequency afforded by the presence of palindromes was undetectable unless the homology at the endpoints was so small as to make the background of deletion in the absence of palindromes below 10~9. In fact, the substantial proportional enhancement of deletion frequency seen when the inserts were bracketed by 5 bp direct repeats provides the best evidence that cruciform structures do indeed form in the linear duplex T7 chromosome.
Other workers have reported (21, 27 ) limits on the effects of palindromy on deletion frequency in E. coli plasmids that had inserts with endpoints where 13 out of 14 bases were direct repeats and 4 bp of the direct repeat was also part of the palindrome (21) . Deletion of the inserts was enhanced by palindromes greater than 26 bp in length (21, 27) . Our finding that a 25 bp palindrome affects deletion between direct repeats only when the direct repeats are short and the deletion frequency is therefore low is also in accord with an inverse relationship between the length of the direct repeat and the length of the palindrome. Thus, there may be competition between the stability of complementary base pairing within the direct repeat and the stability of putative cruciform structure.
